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A large, rapid change in the local plasma potential is found to be 

induced by off-axis hydrogen ice-pellet injection into a tokamak plasma. 

The polarity of the rapid change is reversed when the pellet is injected into 

the upper and lower halves of the poloidal plasma cross-section. This 

change can be interpreted as being due to the gradient-B drift of particles 

in the high-density plasmas of the pellet cloud, before the increase of the 

plasma density due to the ablation becomes uniform on the magnetic 

surface. 
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Hydrogen ice-pellet injection into a tokamak plasma is one of the 

most important methods for fueling, controlling the density profile, and 

improving the confinement of a tokamak plasma. 1-8) In addition, the 

interaction of pellets with a high-temperature tokamak plasma induces 

interesting phenomena like striation3>6), rapid pre-cooling3,5), "snake" 

oscillation^), and large tail formation^), which have been studied by 

various diagnostics. In the present paper, observations of the large 

potential change induced by pellet injection into a tokamak plasma are 

presented. This study is the first to examine the electric field resulting 

from pellet injection by a heavy ion beam probe (HIBP). Plasma's 

equilibrium potential is negative with respect to the vacuum chamber and 

exhibits a large deviation from neoclassical theory.9,10) The origin of this 

potential is not clear. A large potential gradient at the plasma surface is 

also considered to be the origin of H-mode in tokamak plasmas. To 

clarify experimentally the mechanism that produces the potential in a 

toroidal plasmas is, therefore, very important. 

The experiment was performed with the JIPP T-IIU tokamak. Its 

major radius is 93 cm and the maximum toroidal field is 3 Tesla.U) The 

experiment was conducted at a relatively low density of about 

2xl()l3/cm3 so that beam penetration into the center of the plasma could 

be obtained. A 450 keV singly-charged thallium ion beam (primary beam) 

is injected into the tokamak as a heavy ion beam probe (HIBP). 10) The 

intensity and energy of a secondary beam (T1++) produced in the tokamak 

plasma was measured with a parallel plate analyzer in order to study the 

local density and local potential. The HIBP setup is similar to that in the 

TEXT tokamak 12). 
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Figure la shows injected thallium beam trajectories in the tokamak 

plasma, and points of measurement (sample volume) discussed in this 

paper. When primary ions (T1+) are injected into the tokamak along the 

trajectory A of Fig. la, only the secondary ions (TI+T) generated at 

position A, out of all those generated along the whole trajectory inside the 

plasma, go through the entrance slit of a parallel-plate energy analyzer and 

hit the upper and lower detector plates placed at the focal point. We can 

sweep this point of the measurement (sample volume) by sweeping the 

injection angle of the primary beam to the tokamak as shown in Fig. la. 

The basic principle of potential measurement by HIBP was 

proposed by R.L.Hickok et al.13) and is illustrated in Fig. lb. The energy 

of the secondary ions detected at the energy analyzer differs from the 

initial beam energy by eO(rx), where <J>(rx) is the local plasma potential at 

an ionization point X, because energy conservation for primary and 

secondary ions holds respectively, as is illustrated in Fig. lb. The change 

of the energy due to an electric field caused by the time derivative of a 

vector potential (dA/dt), is small even in the MHD time scale, since for 

low 6 plasmas such as tokamak plasmas, A is parallel to the equilibrium 

magnetic field 14) and is nearly perpendicular to the trajectory of the 

primary beam that is injected almost perpendicularly to the magnetic field. 

The change in the beam energy even at the MHD time scale is then due to 

the electrostatic potential at the ionization point. 

The current-profile change during pellet injection, however, will 

induce a change in the beam's toroidal deflection angle and in the out-of-

plane entrance angle (Scoen) to the analyzer. Since a parallel-plate 

analyzer measures the energy of the movement parallel to the analyzer 

plane (the plane of symmetry of the analyzer), instead of the total kinetic 
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energy, the current-profile change results in an error of-5{ Vbsin2(coen)} = 

-2Vbcos(coen,0)sin(ooen,0 )5a>en in the potential measurement. Here, Vb 

is the primary beam energy and C0en,0 is the out-of plane entrance angle 

before the injection. Since this error changes sign as coen,o changes sign, 

we can estimate the magnitude of this error by rotating the analyzer on the 

vertical axis, which changes cc>en,o-

The small change in the energy compared to the original energy is 

measured by the normalized difference (ND) of secondary beam currents 

to the upper and IOWP * detector plates (Iu, Id), where ND = (Iu-Id)/(Iu+Id)-

10,15) The conversion rate of ND to the change in plasma potential is 

about 1.8 kV/ND for a 450 keV beam. 

Figure la also schematically illustrates the mechanism of a 

injection-angle-control of the hydrogen pellet injector. By changing the 

angle of the guide tube, on-axis (purely horizontal) and off-axis( upwards 

and downwards) injections of an ice-pellet are conducted.^) 

Figure 2 shows typical rapid changes of the potential when a 

hydrogen pellet is injected (a) slightly downwards, (b) purely horizontally 

into the center of the tokamak plasma, and (c) slightly upwards, as 

illustrated in Fig. la. Table 1 lists the injection angles and the positions of 

the maximum ablation for these three cases. The potential is measured at 

sample volume A of Fig, la, which is near r/ap = 0.1 and is inside the 

magnetic surface of the pellet ablation. The photographs of the ablation 

cloud in these cases show that the ablation clouds lie on a straight line and 

do not show curved trajectories or the large tail (the tail mode).8) Plasma 

current is about 150 kA (qa=6). As shown in Fig. 2, the reactions on the 

plasma potential are characterized by the very large, sharp increase and 

decrease. With off-axis injection, the potential changes occur roughly 
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simultaneously with the rise of the Hoc light of the pellet ablation monitor. 

The sign of the potential change is positive for the case of downward 

injection and negative for upward injection. The maximum absolute value 

of the change occurs near the end of the ablation. For the case of pure 

horizontal injection, the potential behaviour is very different, In contrast 

to off-axis injection, the change in potential during ablation is very small. 

After the ablation process is completed, the potential starts to go negative. 

The error in the rapid measurement of the potential by the HIBP 

may be caused by a beam deflection due to the change in the plasma 

current profile. We tested for the error by rotating the analyzer on the 

vertical axis on different shots, which changes the secondary beam's out-

of-plane entrance angles in the analyzer. Since the results are similar to 

those in Fig. 2 for various rotation angles, we conclude that the error is 

small. In addition, it is found that the beam's toroidal position on the 

detector plates does not move during the ablation. This may mean that the 

current profile change may start after the ablation ends. 

Figure 3 shows upwards off-axis injection data from sample volume 

B of Fig. lb, which is at r/ap = 0.6 and is outside the maximum ablation 

radius. ND (potential), the sum of detector currents and Ha light ablation 

monitor are shown. The pellet injection system and HIBP apparatus are 

separated by a toroidal angle of 144 degrees. Figure 3 clearly shows that 

the maximum absolute change of the potential at B occurs before the 

maximum ablation of the pellet in contrast to Fig. 2. In addition, the rise 

and subsequent decay of the sum signal is observed in contrast to Fig. 2 

and the space potential change occurs before the change of the sum signal. 

The sum of the detector current (intensity of the secondary current 

at the detector) is described by the following equation, 
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Is=Oi^nc(rB)Iboexp{-| <yi^nc(p)dp}exp{-| CT23nc(p)dp}, (1) 
Jav JrB 

where Ibo is the intensity of the TU+ injected beam and rs is the point of 

measurement respectively, and a i j is the cross-section for ionization of Tl 

by the plasma from the i-th ionization state to the j-th ionization state. The 

integration is from plasma boundary to sample volume B along the 

primary beam trajectory and from B to plasma boundary along the 

secondary beam trajectory, ap denotes plasma boundary. The change in 

the potential shown in Fig. 3 and also in Fig. 2a and 2c occurs prior to the 

change in the intensity of the secondary beam at the detector. This fact 

means that the potential perturbation travels toroidally to the HIBP section 

much faster than the density perturbation, since the intensity of the 

secondary beam (sum) changes when the plasma density changes. This 

may be reasonable because the potential perturbation in this case may 

propagate with a speed comparable to that of high-temperature thermal 

electrons, while the expansion of the pellet blob propagates with the speed 

of the ion thermal velocity of the pellet blob. The central temperature is 

about 1.2 keV before the injection and the temperature drops by about 

60% at about the ablated magnetic surface. 

From equation 1, it is considered that the increase in the sum, 

followed by a decrease as shown in Fig. 3, is caused by an increase in the 

density at the sample volume ne(rs) due to the expansion of the ablation 

cloud in the toroidal direction, while the subsequent decrease of the sum 

signal is caused by increased beam attenuation due to an increase of the 

density along the trajectories. In all cases of Figure 2, we observe only a 
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decay of the sum signals during the ablation, since the ablation points are 

outside the magnetic surface of sample volume A. These facts also 

suggest that the increase of the sum signal is due to that of the plasma 

density at the sample volume. 

The changes of the potential with off-axis injections can be 

explained in the following manner. The high-density blob produced by 

downward pellet injection stays for a short duration in the lower portion of 

the magnetic surface while expanding toroidally. Because of the gradient-

B drifts (curvature drifts) of ions and electrons in the high-density blob, 

charge separation occurs vertically; in this case, radially. It is impossible 

for high temperature electrons to compensate the charge separation, since 

it occurs radially, that is, across the different magnetic surfaces. It should 

be noted that the potential tends to be constant on the magnetic surface 

(surface quantity), because the potential perturbation propagates very 

rapidly. Since the measured potential is an integral of the electric field 

from the vacuum vessel to the sample volume, it is sensitive to the 

generation of the radial electric field outside the magnetic surface on 

which the sample volume is located. It is insensitive to the radial electric 

field inside the magnetic surface of the sample volume. This explains why 

in the cases in Fig. 2a and 2c we observe the large potential changes even 

though the pellet does not penetrate to sample volume A and why we 

observe small and early potential change in Fig. 3 at sample volume B. 

The order of magnitude of this potential may be estimated by the 

following consideration. Let us assume that the pellet is deposited at a 

minor radius of rpi and at a poloidal angle of 0pj. The pellet cloud has a 

depth of Lpl across the magnetic surface and an area of Spl along the 

magnetic surface. It has an averaged plasma density of n e p e u e t , and an 
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average temperature of T p en e t . The amount of charge accumulation 

dQ/dt, across the magnetic surfaces is given by dQ/dt=JdnfV Spl* sin(Op), 

where Jdrift *s ^ v e r t i c a l current induced by the gradient-B drift of the 

pellet cloud. j d r i f t can be expressed as j d r i f t = n e p e i i e t • 2kTpeUet/(me-

Rpl© ce)> where Rpl is the major radius of the dominant ablation point in 

the plasma. We model the potential formation as charging by Jdnft a 

parallel plate capacitor with an area of magnetic surface and a plate 

separation given by Lpl. The capacitance is Cp = £ 0- £ p( 2rcRp 2% Tpj) 

/ Lpl, where £ p is the plasma dielectric constant. Since £ p is expressed 

by £ p = 1 + (copi/co ci) 2, it is proportional to the plasma density. The 

capacitance is then dominated by the contribution from the pellet cloud for 

the case that the number of total deposited particles is higher than that of 

the original particles located between the magnetic surfaces which are 

separated by Lpl- This case is experimentally supported by the fact that the 

fast ECE temperature drops to less than half at our pellet injection. In this 

case Cp = £ 0- £ p- Spi / Lpl. The rate of potential change at the magnetic 

surface inside the ablation region is dOp/dt = (dQ/dt) / Cp and can be 

simply described by 

I F = -R^-^—^smcep). (2) 

The gradient-B drift can explain the polarity of the potential change 

for off-axis injection through the dependence on sin(9p). Table 1 shows 

the various parameters associated with the pellet injections for the cases in 

Fig. 2. We measured the thickness of the ablation cloud Lpl by the rapid 

decrease of multichannel ECE signals during pellet injection, assuming 

that the electron energy on the given magnetic surface remains nearly 
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constant before radial heat diffusion becomes dominant. Theoretical 

analysis and experimental measurements have determined that the 

temperature of the pellet cloud is a few eV.4,6,17,18) if We assume that 

the temperature of pellet cloud is 2 eV, the predicted values of the rate of 

the potential change are about one order of magnitude larger than the 

observed values, as shown in Table 1. This difference may be explained 

by several factors. One is the fact that the very high density part of the 

plasma blob is so collisional that it may not effectively contribute to the 

charge separation due to the gradient B drift. The high temperature portion 

of the plasma blob tends to become rapidly uniform on the magnetic 

surface and does not effectively contribute to the formation of the 

potential. Accordingly, it is very difficult to obtain better agreement 

between the observed and predicted changes of the plasma potential 

without a very extensive measurement of the pellet plasma expansion. 

When the hydrogen pellet is injected horizontally towards the center 

of the plasma cross-section, the deposited high-density blob is unable to 

generate a potential, since the gradient-B drift is parallel to the magnetic 

surface. This explains why in Fig. 2b, the change of potential during the 

ablation is negligible. After the ablation is completed, the change in 

potential becomes negative. The high density blob created by the pellet 

usually expands in both directions along the magnetic lines of force. The 

negative voltage after the ablation is completed in Fig. 2b may mean that 

the direction of the dominant expansion along the magnetic lines of force 

is parallel to the toroidal rotation of the ohmic plasma, i. e. anti-parallel to 

the plasma current because of the interaction with the plasma rotation. In 

this case, the induced potential would be negative, since the dominant part 

of the plasma blob is in the upper part of the poloidal cross-section. 
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Since the charge separation to produce such a fast change of the 

space potential is small, the formation of the fast potential change will be 

rapidly restored to zero when this mechanism of charge separation is 

stopped. The short life time of the negative potential may be explained in 

this way. 

In summary, a fast potential change produced by pellet injection 

into a tokamak plasma is observed and explained by the gradient-B drift 

induced charge separation in the high-density plasma blob before it can 

expand along the magnetic surfaces. 
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Figure Captions 

Figure 1. a) Trajectories of primary (450 keV, T1+) and secondary (T1++) 

beams and points of ionization (measurement) A, B in JIPP T-IIU 

tokamak plasmas. Toroidal field is 3T. A schematic illustrating a guide 

tube of the pellet injection system which allows on-axis and off-axis pellet 
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injection is also shown, b) Behaviour of the energy (total and kinetic) of 

ions injected and ionized in a plasma along the ion trajectory. This 

schematic illustrates the basic principle of potential measurement in a 

plasma by a heavy ion beam probe. The energy of the secondary ions 

outside the plasma changes by an amount equal to the electron charge 

times the local plasma potential where the ionization from Tl+ to Tl+ + 

takes place. rx is the position of the ionization. The solid line for beam 

energy shows kinetic beam energy, while the dotted line shows total beam 

energy. 

Figure 2. Typical change of plasma potential (in terms of ND) measured 

by a heavy ion beam probe at sample volume A in Fig. la (solid line), in 

terms of ND, sum of the upper and lower plate-detector currents (dashed 

line, O.lpA/l.O) and Ha light as a monitor of a pellet ablation (dotted line, 

arbitrary). The conversion from ND to the change of plasma potential is 

about 1.8 kV/l.OND. ND is the difference between the upper and lower 

detector currents normalized by the sum and is proportional to the plasma 

potential, (a) is for off-axis downwards injection, (b) for horizontal (on-

axis) injection, and (c) for off-axis upwards injection. 

Figure 3. Fast time evolution of ND (potential,1.8 kV/1.0) in the lower 

trace, the intensity of the secondary beam to the detector (sum of the 

detector currents, 0.1|iA/1.0) in the middle trace, and Ha light from pellet 

ablation monitor in the upper trace (arbitrary), measured at the 

observation point B in Fig. la. The injection is upwards with an angle of 4 

degrees. 
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Table 1 

Injection parameters of the hydrogen pellets and comparison of the rate of 

the potential change in the case of Fig. 2. The theoretical rate of the 

potential change is calculated by the equation 2. Tpellet= 2 eV is assumed. 
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Injection angle [Degree] 
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